Background--Although there is a close relationship between dietary sodium and hypertension, the concept that persons with relatively high dietary sodium are at increased risk of developing hypertension compared with those with relatively low dietary sodium has not been studied intensively in a cohort.
H
ypertension is a leading cause of the mortality and morbidity of cardiovascular disease worldwide, [1] [2] [3] [4] and reducing elevated blood pressure reduces the risk of developing cardiovascular diseases. [5] [6] [7] Numerous factors, including genetic, environmental, and lifestyle factors, accelerate or contribute to the development of hypertension. 4 Among them, a high level of dietary salt intake is quite important as a modifiable factor. 8, 9 Epidemiological studies revealed that the incidence of hypertension was greater in populations with higher rather than lower dietary sodium consumption. 10 The INTERSALT 11 and PURE studies 12 demonstrated a positive relationship between 24-hour urinary sodium excretion and blood pressure in a cross-sectional analysis. A close association between dietary sodium consumption and blood pressure levels in individuals has also been proven by interventional studies reducing or increasing daily sodium intake in persons with or without hypertension. [13] [14] [15] [16] [17] [18] [19] On this basis, guidelines for the treatment of hypertension recommend dietary salt restriction, 4, [20] [21] [22] and many governments in the world recommend a reduction in salt intake for their citizens. The Japanese government (Ministry of Health, Labor, and Welfare [MHLW]) recommends salt intake of <9.0 g/day for the male general population and <7.5 g/day for the female general population. 23 Population-based surveys, however, have failed to confirm that public health campaigns aimed at reducing salt intake have been very successful, although effectiveness differs among countries and regions. Individual dietary salt consumption in Japan is still higher than the targets recommended by the MHLW despite gradual yearly reduction. To promote effective salt restriction in the population at large, it is necessary to provide evidence from longitudinal studies that persons with relatively high dietary sodium intake are at higher risk of hypertension compared with those with relatively low dietary sodium consumption. This issue has not been studied intensively in an observational study, although previous cross-sectional and interventional studies strongly suggest that a difference in dietary sodium among individuals in a cohort results in a difference in future blood pressure levels. The present observational study was designed to investigate whether individual levels of dietary sodium critically affect future increases in blood pressure in the general population.
Methods

Study Design
This study was an observational and follow-up study to assess the impact of sodium intake on the incidence of hypertension. We undertook the study in accordance with the principles of the Declaration of Helsinki. The study protocol was approved by the ethics committee of Enshu Hospital. All participants gave written informed consent to participate prior to the start of the study and at each study visit.
Study Participants and Procedures
The present study included men and women aged ≥20 years without hypertension. Participants who visited our hospital for a yearly physical checkup (n=7512) between July 2008 and June 2010 were screened for their eligibility for the present study. Participants undergoing medical treatment for hypertension (n=1409) were excluded. Among the remaining participants (n=6103), the checkup program (including an interview regarding health status, routine physical examination, chest x-ray, electrocardiography, and laboratory assessment of cardiovascular risk factors) revealed that 5237 persons were without hypertension, and they were enrolled in the present study. The follow-up period lasted until June 2013 with the end point being the onset of hypertension. During the follow-up period, blood pressure was measured once a year at the annual health checkup. At each physical checkup, participants were instructed to collect overnight urine in a paper cup and to bring a sample of the urine in a plastic tube. Sodium intake was assessed by estimating 24-hour urinary sodium excretion, which was calculated using the Kamata formula. 24 The formula estimates 24-hour sodium excretion using overnight urine and lean body mass in the Japanese population, and the correlation coefficient between measured and estimated sodium excretion is 0.78. 24 Linear regression analysis was performed for each participant using a change in blood pressure or sodium intake as a dependent variable and follow-up period (in years) as an independent variable; the slope of the regression line was considered as the yearly change in blood pressure or sodium intake, respectively. For participants who started antihypertensive medication during the study period, changes in blood pressure and sodium intake were calculated using data from before the prescription of antihypertensive drugs. The impact of baseline sodiumintake levels on the yearly change in blood pressure or the onset of hypertension was investigated. The relationship between changes in dietary sodium intake during the followup period and blood pressure progression was also analyzed. Because 713 participants attended the health checkup program <3 times after enrollment, data from the remaining 4523 participants (follow-up rate 86.4%; male, n=2903 [64.2%]; mean age 54.1 years; age range 22 to 85 years) were included in the final analysis. Blood pressure was measured by trained technicians using a standard mercury sphygmomanometer in the morning after overnight fasting, with the participant in the sitting position. Three consecutive blood pressure measurements were taken at 2-minute intervals, and the mean of the second and third measurements was recorded as the blood pressure. Hypertension was defined as systolic blood pressure ≥140 mm Hg, diastolic blood pressure ≥90 mm Hg, or the use of antihypertensive medications. 4 Diabetes mellitus was defined as fasting plasma glucose ≥126 mg/dL or the use of antidiabetic medications, and dyslipidemia was defined as low-density lipoprotein cholesterol ≥140 mg/dL, high-density lipoprotein cholesterol <40 mg/dL, triglyceride ≥150 mg/dL, or the use of antidyslipidemic medications. 25 The estimated glomerular filtration rate was calculated using the modified Modification of Diet in Renal Disease study formula for the Japanese population. 26 
Statistical Analysis
All analyses were performed using the software package IBM SPSS Statistics 18 (IBM Corp). Data in the text and tables are expressed as the meanAESD except for the follow-up period, which is expressed as the median value and interquartile range. Differences between 2 means from normally distributed variables were compared using unpaired Student t tests. The significance of any difference in medians was assessed by the Mann-Whitney U test. Yates' corrected chi-square test was used for comparisons between categorical data. Cumulative incidence rates of new-onset hypertension were calculated using the Kaplan-Meier procedure, and the impact of the estimated 24-hour sodium excretion on the incident hypertension was evaluated by the log-rank and weighed logrank (Gehan-Wilcoxon) tests. Multivariate Cox proportional hazards regression model was used to obtain hazard ratios and 95% CIs for the time to first diagnosis of hypertension. The proportional hazards assumption was examined and confirmed by using log-log plots. Multivariate Cox proportional hazards regression models were also applied to examine the relationship between baseline sodium intake or a yearly increase in sodium intake, as continuous variables, and the new onset of hypertension. Furthermore, multivariate linear regression analysis was performed to assess the relationship between baseline or a yearly increase in sodium intake and the yearly increase in blood pressure. P<0.05 was considered significant. Table 1 lists the baseline characteristics of all participants. Sodium intake was significantly higher in men than in women (4.7AE1.2 versus 3.3AE0.8 g/day, respectively; P<0.001).
Results
The actual follow-up period of the present study was 14 072 person-years, and the median follow-up period was 1143 days (interquartile range 741 to 1457 days).
Incidence of Hypertension
During the follow-up period, hypertension developed in 1027 participants (22.7%; 73.0 per 1000 person-years), with a higher incidence in men (26.2%; 84.8 per 1000 person-years) than in women (16.5%; 52.3 per 1000 person-years). In participants who started antihypertensive medication during the study period, yearly changes in sodium intake, SBP, and DBP were calculated using data before the prescription of antihypertensive drugs.
describes the results of the retrospective analyses, showing the characteristics of the participants who did and did not develop hypertension. Baseline sodium intake and the yearly increase in sodium intake were significantly higher in participants with, rather than without, future hypertension (Table 2) .
To evaluate the impact of sodium intake at baseline on the incidence of hypertension, participants were divided into 2 groups using the dietary salt (sodium) targets recommended by the Japanese MHLW (men <9.0 g/day; women <7.5 g/day [<3.5 and <3.0 g/day, respectively]). Analysis of the plot of cumulative incidence rates of hypertension revealed that unadjusted risk for hypertension was higher in participants with higher, rather than lower, sodium intake ( Figure) . Adjustment for age, sex, body mass index, systolic blood pressure, heart rate, serum creatinine, uric acid, fasting plasma glucose, low-density lipoprotein cholesterol, current smoking habit, and family history at baseline showed that the risk of developing hypertension was higher in participants with higher sodium intake (82.1 per 1000 person-years) compared with lower sodium intake (44.0 per 1000 personyears; hazard ratio 1.25, 95% CI 1.04 to 1.50).
We then investigated the impact of baseline sodium intake and the yearly change in sodium intake during the follow-up period (as continuous variables) on the incidence of hypertension (Table 3 ). In both univariate and multivariate Cox proportional hazards regression analyses (adjusted for age, sex, body mass index, systolic blood pressure, heart rate, serum creatinine, uric acid, fasting plasma glucose, lowdensity lipoprotein cholesterol, current smoking habit, and family history at baseline), these 2 indices, which represent sodium dependency in individuals, correlated with the incidence of hypertension. To confirm the finding that baseline sodium intake predicts new-onset hypertension, the relationship between the average estimated sodium intake over available annual checkups and the incidence of hypertension during the follow-up period was studied (crosssectional analysis). The results indicated that the average estimated sodium intake was significantly correlated with the incidence of hypertension during the study period in univariate (r=11.69, P<0.001) and multivariate logistic regression analyses after adjustment for age, sex, body mass index, systolic blood pressure, heart rate, serum creatinine, uric acid, Participants were divided into 2 groups using the salt (sodium) intake targets recommended by the Japanese Ministry of Health, Labor, and Welfare (men <9.0 g/day; women <7.5 g/day [<3.5 and <3.0 g/day, respectively]). The red line indicates participants who were above the recommended dietary salt intake target, and the blue line indicates participants who were below the target at baseline (P<0.001, log-rank; P<0.0001, Gehan-Wilcoxon). 
<0.001
HR indicates hazard ratio; HT, hypertension; LDL-C, low-density lipoprotein cholesterol. *Multivariate model includes age, sex, body mass index, systolic blood pressure, heart rate, serum creatinine, uric acid, fasting plasma glucose, LDL-C, current smoking habit, and family history at baseline as well as baseline sodium intake and yearly increase in sodium intake as confounding factors.
fasting plasma glucose, low-density lipoprotein cholesterol, current smoking habit, and family history (r=2.26, P<0.05). Table 4 shows factors contributing to an increase in systolic blood pressure during the follow-up period. In a univariate regression analysis, the yearly increase in systolic blood pressure was positively correlated with the yearly increase in sodium intake but not with baseline sodium intake; however, baseline sodium intake and yearly increase in sodium intake showed significant correlations with the yearly change in systolic blood pressure in multivariate regression analysis after adjustment for age, sex, body mass index, systolic blood pressure, heart rate, serum creatinine, uric acid, fasting plasma glucose, low-density lipoprotein cholesterol, current smoking habit, and family history at baseline.
Changes in Blood Pressure
Changes in Sodium Intake
For participants who developed hypertension during the followup period, average sodium intake before and after new onset of hypertension was calculated because lifestyle modification including sodium restriction may be recommended by medical professionals after the diagnosis of hypertension; however, the average sodium intake was significantly greater after the onset of hypertension (4.6AE1.2 g/day) than before onset (4.5AE1.2 g/day; P<0.001). Furthermore, the yearly increase in sodium intake was not reduced after the onset of hypertension (0.11AE0.85 versus 0.02AE0.76 g/day per year before versus after hypertension, respectively; P=0.070).
Discussion
The present observational study suggests that dietary sodium intake plays an important role in the development of hypertension in the population at large. A small difference in dietary sodium intake among those without hypertension may result in critical differences in individual blood pressure after several years. The relationship between dietary sodium and hypertension has been discussed intensively for a long time. 27 Epidemiological evidence of the relationship between sodium intake and blood pressure has been based on cross-sectional studies, [10] [11] [12] and clinical interventional studies investigated the effects of changes in sodium intake. [13] [14] [15] [16] [17] [18] [19] This evidence strongly suggests that persons with relatively high dietary sodium intake are more likely to develop hypertension than those with relatively low dietary sodium consumption. The present study actually observed and confirmed this important concept: The risk of developing hypertension is greater in those with relatively high dietary sodium consumption compared with those with relatively low sodium intake. The present study was not designed to study the mechanisms underlying the hypertensive effects of excessive sodium consumption; therefore, a causal relationship between dietary sodium and the incidence of hypertension cannot be discussed. Nonetheless, taking into consideration previous experimental and clinical studies that showed dietary sodium to be one of the most important keys to the development of hypertension, the present results showed that mild reduction in dietary sodium intake may be useful for preventing new onset of hypertension and reducing age-dependent increase in blood pressure.
Plots of cumulative incidence rates demonstrated that participants with excessive dietary sodium intake were at high risk of developing hypertension. The relationship between dietary sodium and future incidence of hypertension was further confirmed by analyzing sodium intake as a continuous variable. Importantly, sodium intake was also a significant predictor of the yearly increase in blood pressure. This observation reinforces the tight association between dietary sodium and blood pressure. Furthermore, this type of information (risk of accelerated increase in blood pressure) and the finding that sodium is a risk factor for hypertension must be important for the evaluation of cardiovascular risk because the definition of hypertension is arbitrary, and a close and continuous relationship exists between blood pressure and cardiovascular morbidity and mortality. In the present study, a spot urine specimen was used for estimation of 24-hour urinary sodium excretion, although the gold standard is 24-hour urinary measurement. Furthermore, there is large within-individual and day-to-day variability in dietary sodium. Nonetheless, the results of the crosssectional analysis in which a significant correlation between the average estimated 24-hour sodium intake during the follow-up period and incident hypertension was observed enhances the present results obtained using a spot urine specimen.
It is noteworthy that we have proposed a new index, the change in dietary sodium, as a predictor of developing hypertension and increasing blood pressure. The observation that the yearly increase in sodium intake correlated with the onset of hypertension or future increases in blood pressure, independent of baseline sodium intake, suggests that the increase in dietary sodium itself plays some role in the development of hypertension. This findings may, at least in part, be attributable to age-dependent increase in salt sensitivity of blood pressure. 28 Alternatively, an increase in dietary sodium simply means excessive individual sodium consumption. Although excessive sodium intake causes an increase in blood pressure, 16 ,17 blood pressure does not respond to an increase in sodium intake in sodium-insensitive persons. This may be an excuse for many people not to reduce their sodium intake, although sodium sensitivity increases with increasing age. 28 Sodium restriction in the general population and in hypertensive patients is not very successful in Japan. 4 An effort not to increase dietary sodium may be effective in preventing the development of hypertension in those with normal blood pressure, although a reduction in sodium consumption is a better strategy for the primary prevention of hypertension. The present study demonstrates that estimated salt intake is relatively high compared with recommendations in Japan, the United States, and elsewhere. This reinforces the importance of population education for strict dietary salt restriction. In most guidelines for the management of hypertension, lifestyle modification, including salt restriction, is recommended. 4, [20] [21] [22] Unfortunately, dietary sodium intake was not reduced after the development of hypertension in the present observational study, indicating that sodium restriction is not appropriately encouraged at many medical facilities or that people do not or cannot reduce dietary sodium even after development of hypertension. This finding strongly suggests that appropriate methods of effective education need to be developed to reduce dietary sodium intake in hypertensive patients and in the general population.
The present study has some limitations when considering the relationship between sodium intake and blood pressure. Sodium intake was estimated using a spot urine specimen. The gold standard for estimating sodium excretion is 24-hour urinary measurement, 29 but this approach is not practical for large-scale studies. In a previous report, the difference between estimated and measured sodium excretion was increased with increasing sodium excretion, and the formula used in the present study tended to underestimate sodium excretion in participants with relatively high sodium excretion. 24 Moreover, there is large within-individual and day-today variability in dietary sodium. 29 Lack of information about alcohol intake, physical activity, and urinary potassium is also a weakness of the present study because close relationships between these factors and the incidence of hypertension have been demonstrated. Another point is that the measurements of urinary sodium and blood pressure were taken only once a year, and the diagnosis of hypertension was based on blood pressure measured on only 1 occasion. Finally, numerous differences were observed at baseline between participants who did and did not develop hypertension. These differences might have affected future blood pressure, although multivariate analyses adjusted for these variables. These points should be considered when interpreting the present data.
In conclusion, the present study demonstrated that both a relatively high level of dietary sodium intake and a gradual increase in dietary sodium, estimated by urinary sodium excretion, are associated with a future increase in blood pressure and incidence of hypertension in the general population. The fact that a mild increase in sodium intake within the range observed in usual daily life but not a drastic sodium load, as observed in interventional studies, 16, 17 increases the chance of developing hypertension may become a driving force for the reduction of dietary sodium consumption in the general population. Furthermore, an effort not to increase dietary sodium as well as an effort to reduce dietary sodium intake may be effective for the primary prevention of hypertension or reduction of blood pressure in the population at large.
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